Abstract The P2X7 receptor (P2X7R) has been implicated in the process of multinucleation and cell fusion. We have previously demonstrated that blockade of P2X7Rs on osteoclast precursors using a blocking antibody inhibited multinucleated osteoclast formation in vitro, but that P2X7R KO mice maintain the ability to form multinucleated osteoclasts. This apparent contradiction of the role the P2X7R plays in multinucleation has prompted us to examine the effect of the most commonly used and recently available P2X7R antagonists on osteoclast formation and function. When added to recombinant RANKL and M-CSF human blood monocytes cultures, all but one compound, decreased the formation and function of multinucleated TRAP-positive osteoclasts in a concentration-dependent manner. These data provide further evidence for the role of the P2X7R in the formation of functional human multinucleated osteoclasts and highlight the importance of selection of antagonists for use in long-term experiments.
Introduction
The P2X7R is a 595 amino acid plasma membrane receptor with approximately 40% sequence identity to other members of the P2X purinergic family [1] . However, this receptor subtype possesses properties that distinguish it from other P2X receptors. Under conditions of transient nucleotide agonist stimulation, the P2X7R functions like other P2X receptors in that it is selectively permeable to small cations. However, when activated by repeated or prolonged exposure of nucleotide agonists, it has the unique ability amongst the P2 receptor family to form nonselective pores in the plasma membrane that are permeable to molecules of up to 900 Da [2, 3] . The last 177 amino acids in the intracellular C-terminal end of the receptor are crucial for induction of this non-selective pore [4] .
The physiological significance of the activation of the P2X7R remains an area of much interest. Several possible roles for this receptor have been suggested including the maturation and release of interleukin 1β (IL-1β) and ATPinduced apoptosis [5, 6] . In addition, it has been demonstrated that macrophage cell clones expressing high levels of P2X7R spontaneously fuse in vitro, whereas clones lacking the P2X7R do not. Furthermore, multinucleated giant cell formation from macrophage fusion could be blocked with a monoclonal antibody directed against the extracellular domain of the P2X7R [7] . These data strongly implicate P2X7R-induced pore formation in the development of multinucleated giant cells and, more specifically, in their fusion.
Osteoclasts are multinucleated, terminally differentiated cells formed by the fusion of mononuclear osteoclast precursors found in the monocyte fraction of blood. The activity of bone-resorbing osteoclasts contributes to the highly coordinated process of bone remodelling, where old tissue is replaced with newly synthesised bone in the continuous process of bone regeneration [8] . Therefore, the regulation of osteoclast formation and resorption is important in maintaining skeletal homeostasis.
The factors responsible for the commitment of mononuclear cells to the osteoclast lineage have now been characterised-namely macrophage colony stimulating factor (M-CSF) and receptor activator for nuclear factor kappa beta (NFκB) ligand (RANKL) [9] [10] [11] . The isolation of these factors, and the subsequent availability of soluble recombinant RANKL, has presented researchers with the means to generate and study isolated human osteoclasts in vitro. Whilst the conditions that promote osteoclastogenesis in vitro have been defined, the exact molecular mechanisms via which mononuclear cells fuse to form multinucleated osteoclasts are not fully understood. We and others have shown that osteoclasts and their precursors express P2X7R [12] [13] [14] [15] , and we have recently demonstrated that addition of an antibody raised against the external domain of the P2X7R that specifically blocks P2X7R function [16] inhibits osteoclast fusion in vitro [17] . In contrast, P2X7R deficient mice were shown to maintain the ability to form multinucleated osteoclasts, both in vivo and in vitro [18] . The P2X7R deficient mice displayed significant reduction in total and cortical bone content and periosteal circumference in femurs, and reduced periosteal bone formation and increased trabecular bone resorption in tibias [19] . These mice have more recently been found to have reduced sensitivity to mechanical loading as shown by lower bone formation rate per unit of mechanical strain in vivo, and that prostaglandin (PG) E 2 release from P2X7R null osteoblasts is unaffected by fluid shear stress in vitro [20] . Mechanically induced intercellular calcium signalling among osteoclasts has also been shown to be inhibited by P2X7R blockade [21] . These data suggest that the P2X7R is fundamental to normal bone development and adaptive remodelling.
In this study, in order to better clarify the role of the P2X7R in osteoclast physiology, rather than activating the receptor using exogenous agonists which ultimately results in cell death [3] , we have examined the effect of the most commonly used commercially available P2X7R antagonists (Fig. 1a-c) on the formation of functional multinucleated human osteoclasts. In addition, we have included a smallmolecule, from here on in called AZ15d, from a distinct chemical series which is based on the cyclic imide compounds (Fig. 1d) . These compounds have been demonstrated to be potent, pIC 50 =7.3 for plasma membrane pore formation in THP-1 cells [22] , and selective for P2X7R [23] . These results provide further evidence for the important role of the P2X7R in the formation of functional multinucleated human osteoclasts.
Material and methods

Materials
α-MEM, FCS L-glutamine, penicillin/streptomycin and Superscript™ II reverse transcriptase were purchased from GIBCO Life Technologies (Paisley, UK). Dentine discs were provided by Ultrabone (Liverpool, UK) and 6 mm glass coverslips were from Richardsons of Leicester (Leicester, UK). Recombinant human RANKL was purchased from Insight Biotechnology (Wembley, UK) and recombinant human M-CSF was kindly provided by Genetics Institute (Cambridge, MA, USA). DNaseI was from Roche Diagnostics (Lewes, UK). Histopaque®-1077, nucleotides, TRI® reagent, tartrate-resistant acid phosphatase (TRAP) staining kit, periodate-oxidised ATP (oATP) and KN62 were from Sigma (Poole, UK). PCR primers were synthesised by Vh-Bio (Newcastle, UK). A-438079 was purchased from Tocris (Bristol, UK) and compounds AZ15d and AZ408 were synthesised in-house by Medicinal Chemistry, AstraZeneca R&D Charnwood [22] .
Recombinant RANKL-induced generation of human osteoclasts from blood monocytes Osteoclasts were generated from human peripheral blood monocytes as previously described [24] . Sterilisation of 6-mm coverslips was performed by baking at 180°for 2 h. Dentine discs were sterilised by sonication, washing in 70% ethanol, followed by U.V. light irradiation. Following ethical committee approval, venous blood was obtained from healthy volunteers and separated using Histopaque®-1077. The monocyte fraction was collected and washed in α-MEM then re-suspended in α-MEM. An appropriate volume of cell suspension containing 5×10 5 cells was then added to pre-wetted coverslips or dentine slices in a 96 well plate. Cells were incubated for a minimum of 1 h to allow adherence to the dentine or glass surface. Non-adherent cells were subsequently washed away with α-MEM. Adherent cells were incubated in 100 μl α-MEM containing 10% FCS, 100 IU/ml penicillin, 100 μg/ml streptomycin and 2 mM L-glutamine (referred to as complete α-MEM) and supplemented with 25 ng/ml M-CSF, 30 ng/ml recombinant RANKL plus vehicle (0.1% DMSO for AZ15d, AZ408 and KN62) or the appropriate concentration of the antagonist, at 37°C in a humidified atmosphere of 93% air and 7% CO 2 for 3 weeks. The complete α-MEM containing 25 ng/ml M-CSF, 30 ng/ml RANKL and all drug treatments was replaced every 2-3 days.
TRAP staining of osteoclasts
Cells were grown on 6-mm coverslips then fixed in acetone and stained for TRAP using a commercially available kit used according to the manufacturer's protocol or fixed in formalin and stained as previously described [25] .
Fixation of dentine discs and quantification of resorption After 3 weeks in culture, dentine discs were washed in PBS, fixed in 4% glutaraldehyde in 0.2 M sodium cacodylate, and stained for 5 min in 1% (w/v) toluidine blue in 0.5% disodium tetraborate. Alternatively, dentine wafers were fixed in formalin and stained for TRAP as previously described [25] . Excess stain was removed by washing in 70% ethanol for 1 min. Dentine discs were then washed in distilled water and air-dried. Resorption lacunae were identified using reflective light microscopy and plan area of resorption was determined by point counting [26] .
RNA isolation and complementary DNA synthesis
Total RNA was isolated using the TRI® reagent according to the manufacturer's protocol. Before first-strand complementary DNA (cDNA) synthesis, RNA was DNAse-treated with RNAse-free DNAse1 (35 U/ml) for 60 min at 37°C. DNase was inactivated by heating at 70°C for 15 min, and the RNA precipitated for at least 1 h at −20°C in 3 volumes 100% ethanol and 0.1 volumes sodium acetate, pH 5.2. 5 μg of DNAse-treated total RNA was used as a template for first-strand cDNA synthesis in a 20 μl reaction containing 0.5 μg oligo (dT), 0.5 mM dNTPs, 20 U of RNAse inhibitor, 10 mM of dithiothreitol, 6 mM MgCl 2 , 40 mM KCl, 50 mM Tris-HCl, pH 8.3 and 200 U of Superscript II RT. The reaction mix was incubated at 42°C for 50 min, and the reaction stopped by heating at 70°C for 15 min. cDNA was stored at −20°C until required.
Polymerase chain reaction
Twenty-five microlitre reactions were performed on a MJ Research PTC-200 Peltier Thermal cycler. Reactions contained 1 μl of cDNA, 0.5 units of thermostable Taq DNA polymerase, 50 pmol each of sense and antisense primer, 0.2 mM each of dATP, dCTP, dGTP and dTTP and 1.5 mM MgCl 2 in 1× (final) reaction buffer. The PCR reactions involved an initial 3-min denaturation step at 94°C, followed by the amplification step (94°C for 10 s, annealing T m for 30 s, extension for 30 s at 72°C) for 35 cycles, plus a final 5-min extension step at 72°C. For analysis of DNA, PCR products were loaded onto 1% agarose gels containing 0.3 μg/ml ethidium bromide, gels were run at 90-100 mA and the position of DNA in the gel was visualised by exposure to UV light. PCR primers and T m s were: GAPDH: 5′-ggt gaa ggt cgg agt caa cgg-3′ sense, 5′-ggt cat gag tcc ttc cac gat-3′ antisense, T m = 58°C; P2X7R: 5′-tga agg gga tag cag agg tga-3′ sense, 5′-tgg gat ggc agt gat gga-3′ antisense, T m =56°C.
Statistical analysis
Statistical analysis was by ANOVA using GraphPad Prism®. The significance between groups was determined using Dunnett's Multiple Comparison Post-Test. Logistic curve fitting was performed using the least squares (ordinary fit) method and a standard Hill slope.
Results
P2X7R mRNA is expressed during osteoclastogenesis in vitro
The identification of M-SCF and RANKL as factors requisite for osteoclastogenesis has enabled studies to be performed on non-pathological human osteoclasts in vitro. Human blood monocyte cultures grown in the presence of recombinant RANKL and M-CSF develop osteoclast marker expression that accurately reflects the differentiation of osteoclast precursors into mature osteoclast cells in a similar manner to the processes occurring at bone-resorbing sites in vivo. The isolated fraction of human peripheral blood monocytes on day 0 is positive for TRAP and includes both monocytes and macrophages. By day 7, the population of cells are largely mono-or bi-nucleate committed osteoclast precursors and start to express the osteoclast marker calcitonin receptor but do not yet resorb dentine. By day 14, the majority of cells have fused to become multinucleated, express the mature osteoclast marker cathepsin K and start to resorb the dentine. No further increase in osteoclast number is seen between days 14 and 21 during which time the osteoclasts become fully differentiated and actively resorb dentine [27] [28] [29] . In order to see if P2X7R expression was restricted to one specific stage of osteoclast development, RNA was isolated from blood monocytes grown in recombinant RANKL and M-CSF supplemented medium after 0, 7, 14 and 21 days in culture. PCR of cDNA generated from this RNA using primers specific to P2X7R mRNA revealed that P2X7R was expressed at every stage of the culture period (Fig. 2) . PCR for GAPDH was performed on the same cDNA samples to confirm the presence of equal amounts of cDNA between samples (Fig. 2) .
Effect of P2X7R antagonists on human osteoclast formation
To determine the effects of P2X7R specific antagonists on osteoclast formation in recombinant RANKL and M-CSF supplemented cultures of blood monocytes, antagonists were introduced at various concentrations by inclusion in the medium at each medium change. At the end of the culture period cells were fixed and stained for TRAP, and the number of osteoclasts per coverslip were determined by counting all TRAP-positive cells with three or more nuclei.
Treatment with AZ15d, KN62 and oATP significantly and dose-dependently inhibited osteoclast formation (Fig. 3a-c) in the cultures. These compounds only appeared to inhibit fusion of cells; as the concentration of the compounds increased, the size and multinucleation of cells decreased, but other smaller, mononuclear, cells remained (Fig. 4) . Clusters of mononuclear cells were observed in oATP and AZ15d treated cultures, indicating that migration of cells towards each other had not been inhibited, but fusion of the cells was prevented. The clusters were not as apparent in the KN62 treated cultures. IC 50 values were calculated and AZ15d was the most potent at 0.7 μM, followed by KN62 at 2 μM and with oATP being the least potent at 91 μM. A-438079 did not have any significant effect on osteoclast number (Fig. 3d ) when used between 100nM to 100 μM (reported IC 50 =0.125 μM) nor did AZ408, a compound that is structurally similar to AZ15d but ineffective at the P2X7R, when used between 100nM to 10 μM (Fig 3e) .
Effect of P2X7R antagonists on human osteoclast resorption
Whilst the criteria of TRAP-positive cells with three or more nuclei to identify osteoclasts cultured in vitro on coverslips is widely accepted, the only definitive marker for Osteoclasts were generated from monocytes cultured in the presence of recombinant M-CSF and RANKL. RNAwas isolated from these cells after 0, 7, 14 and 21 days in culture. cDNA was generated and subsequently used as a template for PCR with primers designed specifically to the P2X7R. Resulting PCR products were separated by agarose gel electrophoresis and visualised under UV transillumination. +ve con = positive control, 1 Kb = 1 Kb molecular weight marker osteoclasts remains the ability to form resorption lacunae on calcified substrates. Therefore, to determine whether the P2X7R antagonists could also inhibit the formation of fully functional human osteoclasts, blood monocytes were cultured on dentine discs in the presence of recombinant RANKL and M-CSF. The antagonists were introduced throughout a 3-week culture period by inclusion in the medium at each medium change at various concentrations. At the end of the culture, the area of resorption excavated by active osteoclasts was determined. Treatment with AZ15d, KN62 and oATP significantly decreased the area of resorption produced on each disc in a dose-dependent manner (Fig. 5a-c) . Again, A-438079 and AZ408 did not have any significant effect on resorption or osteoclast number ( Fig. 5d-e) . IC 50 values were similar to those for formation, with AZ15d being the most potent at 0.2 μM, followed by KN62 at 1 μM and with oATP being the least potent at 29 μM.
Discussion
In this study, we have further investigated the role of P2X7R in the formation of functional human osteoclasts from their monocytic precursors found in peripheral blood. We have shown that P2X7R mRNA expression was present at all stages investigated of a 21-day culture of blood monocytes cultured in the presence of recombinant RANKL and M-CSF (Fig. 2) . This is consistent with our previous reports that both P2X7R mRNA and protein were expressed throughout the 3-week culture period [17] . The exact physiological function of the P2X7R in osteoclasts is still contended. A recent study provided evidence that P2X7R activation on rabbit osteoclasts causes a Ca 2+ influx that could possibly lead to the inhibition of resorption [15] , and we have previously shown, using human giant cell tumour-derived osteoclast-like cells, that P2X7R activation potently inhibited bone resorption in vitro by inducing apoptosis of osteoclasts [30] . We have also previously demonstrated that inhibition using the blocking monoclonal antibody for the P2X7R significantly inhibits the fusion of osteoclast precursors to form multinucleated osteoclasts. A recent report demonstrated that when RAW 264.7 cells were exposed to high levels of ATP overnight, surface expression of P2X7Rs was down-regulated and this prevented cell fusion [31] . The apparent contradiction that both activation and inhibition of P2X7R signalling reduces osteoclast numbers and inhibits resorption reflects the complex nature of the P2X7R. In addition, a role for this receptor in cell fusion has long been speculated due to the observation that macrophage cell clones expressing high levels of P2X7R spontaneously fuse in vitro and that the P2X7R is preferentially localised at sites of cell-to-cell contact [32] . Therefore, we have examined the effect of the most commonly used commercially available P2X7R antagonists, as well as a small-molecule compound AZ15d on formation of functional multinucleated human osteoclasts. Introduction of the P2X7R antagonists AZ15d, KN62 and oATP to blood monocytes cultured in the presence of recombinant RANKL and M-CSF dose-dependently decreased the formation of multinucleated TRAP-positive osteoclasts (Fig. 3) and the overall area of resorption excavated on dentine discs by these cells (Fig. 5) . Addition of a compound with similar chemical structure to AZ15d but that Fig. 4 P2X7R antagonists inhibit human osteoclast formation but are not toxic. Osteoclasts were generated from human blood monocytes cultured on 6-mm coverslips in recombinant M-CSF and RANKLsupplemented medium. Antagonists were introduced throughout the culture by inclusion in the medium at each medium change at the concentrations shown. Vehicle was complete α-MEM plus recombinant RANKL (30 ng/ml) and M-CSF (25 ng/ml) and 0.1% DMSO for KN62, and AZ15d. The coverslips were fixed in acetone and stained for tartrate-resistant acid phosphatase (TRAP) using a commercially available kit used according to the manufacturer's protocol or fixed in formalin and stained as previously described [25] . Typical fields of view of cells following treatment in μM as indicated. Scale bar 30 μ is inactive at the P2X7R had no effect on any of the parameters measured. Interestingly, A-438079 had no significant effect on osteoclast formation or resorption. This was somewhat surprising given its reported potency and specificity at the P2X7R [33, 34] . One possible explanation for the lack of effect with A-438079 is that it is a competitive and reversible antagonist [34] . Oxidised ATP is an irreversible P2X7R inhibitor [35, 36] , whilst KN62 and the cyclic imide group of antagonists are non-competitive allosteric inhibitors [37, 38] . Given that these cultures were performed over a three week period and we have measured a long-term response, it could be possible that A-438079 has been competed off the receptor during this time, thus reducing its efficacy.
These data demonstrate that P2X7R antagonists acted to inhibit the formation of osteoclasts from their precursors, which manifested itself functionally in a decrease in resorption pits excavated on dentine by these cultures. Despite the decreasing number of osteoclasts generated as the concentration of antagonists increased, the viability of the mononuclear cells remaining in the culture was unaffected, demonstrating that the antagonists were not causing cell toxicity. As can be seen in Fig. 4 , the mononuclear cells appeared to form cell aggregates indicating that they were following a pathway of activity leading to fusion, but were unable to carry out this final step when higher concentrations of P2X7R antagonists were present. This is consistent with a report describing how P2X7Rs preferentially localise to sites of cell-to-cell contact [32] and a previous observation that the formation of cell aggregates in culture was a prerequisite to cell fusion [7] .
The hypothesis for the involvement of the P2X7R in the actual fusion process is somewhat contradicted by the fact that two different models of P2X7R KO mice both maintained the ability to produce multinucleated osteoclasts in vitro and in vivo [18, 19] . However, the data presented in antagonists on human osteoclast resorption. Osteoclasts were grown on dentine discs from blood monocytes in the presence of recombinant M-CSF and RANKL. Antagonists were introduced throughout the culture by inclusion in the medium at each medium change at the concentrations shown on the x axis. Vehicle was complete α-MEM plus recombinant RANKL (30 ng/ml) and M-CSF (25 ng/ml) and 0.1% DMSO for KN62, AZ15d and AZ408. After 3 weeks in culture, discs were fixed and stained with toluidine blue or TRAP. The area of resorption excavated by these cells was determined by point counting [26] . Data show means ± SEM, *p<0.05, **p<0.01 ***p<0.0001. Graphs representative of four repeat experiments, n=7. a oATP, b KN62, c AZ15d, d A-438079 and e AZ408 this manuscript using two of the most commonly used commercially available P2X7R antagonists and AZ15d, part of a series of highly selective and potent smallmolecule P2X7R antagonists, supports the argument that the P2X7R is indeed directly involved in osteoclast fusion but that in its absence it can be replaced by some other machinery such as a common pore-structure that is activated by amongst other things maitotoxin [39] . Within the bone microenvironment osteoblasts, osteoclast precursors and osteoclasts express the majority of P2X and P2Y receptor sub-types [40] [41] [42] and it is feasible that P2 receptors other than the P2X7R may play a role in the formation of functional human osteoclasts. Indeed, we have previously shown that ATP in co-cultures of osteoblasts and osteoclasts stimulated osteoclast resorption at low micromolar concentration, however, when added to cultures of osteoclasts alone no effect was observed. The effect of low micromolar concentration of ATP (i.e., via P2Y or P2X receptors other than P2X7R) on osteoclasts appears to be an indirect effect mediated via the upregulation of RANKL expression by osteoblasts [28] . It is also possible that other P2X and P2Y receptors may be upregulated in the absence or blockade of the P2X7R as a compensatory mechanism.
In summary, these data provide further evidence for the involvement of the P2X7R in the complex chain of events leading to the formation of human osteoclasts. In skeletal homeostasis, a balance between osteoclastic resorption and osteoblastic bone formation is essential to a functional skeleton. The availability of these potent and selective P2X7R antagonists may prove to be an important advancement in the management of bone diseases with an increase in osteoclast number, such as Paget's disease of bone, or in disorders of remodelling where there is a reduced bone mass, such as osteoporosis.
